The increasing resistance of microorganisms to conventional chemicals and drugs is a serious and evident worldwide problem that has prompted research into the identification of new biocides with broad activity. Plants and their derivatives, such as essential oils, are often used in folk medicine. In nature, essential oils play an important role in the protection of plants. Essential oils contain a wide variety of secondary metabolites that are capable of inhibiting or slowing the growth of bacteria, yeasts and moulds. Essential oils and their components have activity against a variety of targets, particularly the membrane and cytoplasm, and in some cases, they completely change the morphology of the cells. This brief review describes the activity of essential oils against pathogenic bacteria.
Introduction
The increasing resistance of microorganisms to conventional chemicals and drugs has prompted scientists to search for novel sources of biocides with broad-spectrum activities [1] . Since ancient times, plants and their derivatives, such as essential oils (EOs), have been used in folk medicine. In nature, EOs play an important role in the protection of plants. They also may attract some insects to
The structure of the Gram-positive bacteria cell wall allows hydrophobic molecules to easily penetrate the cells and act on both the cell wall and within the cytoplasm. Phenolic compounds, which are also present in the EOs, generally show antimicrobial activity against Gram-positive bacteria. Their effect depends on the amount of the compound present; at low concentrations, they can interfere with enzymes involved in the production of energy, and at higher concentrations, they can denature proteins [7] . The cell wall of Gram-negative bacteria is more complex. It has a peptidoglycan layer that is 2-3 nm thick, which is thinner than in the cell wall of Gram-positive bacteria, and composes approximately 20% of the dry weight of the cell. An outer membrane (OM) lies outside of the thin peptidoglycan layer. The peptidoglycan and OM are firmly linked by Braun's lipoprotein; this protein is covalently bound to the peptidoglycan and is embedded in the OM. The presence of an OM is one of the features that differentiate Gram-negative from Gram-positive bacteria. It is composed of a double layer of phospholipids that is linked to inner membrane by lipopolysaccharides (LPS). The peptidoglycan layer is covered by an OM that contains various proteins as well as LPS. LPS consists of lipid A, the core polysaccharide, and the O-side chain, which provides the "quid" that allows Gram-negative bacteria to be more resistant to EOs and other natural extracts with antimicrobial activity. Small hydrophilic solutes are able to pass through the OM via abundant porin proteins that serve as hydrophilic transmembrane channels, and this is one reason that Gram-negative bacteria are relatively resistant to hydrophobic antibiotics and toxic drugs [8, 9] . The OM is, however, almost but not totally impermeable to hydrophobic molecules, some of which can slowly traverse through porins [10, 11] . The mechanisms of action of EOs and/or their components are dependent on their chemical composition. For instance, thymol and carvacrol have similar antimicrobial effects but have different mechanisms of action against Gram-positive and Gram-negative bacteria. The location of one or more functional groups on these molecules can affect their antimicrobial activity. Thymol is structurally analogous to carvacrol, but the locations of the hydroxyl groups differ between the two molecules. However, these differences do not affect the activity of either antimicrobial agent. The antimicrobial activity of other molecules, such as limonene and p-cymene, depends on the alkyl group. Thus, in some cases, limonene can be considered to be more effective than p-cymene [12] . EOs and/or their constituents can have a single target or multiple targets of their activity. For instance, trans-cinnamaldehyde can inhibit the growth of E. coli and S. typhimirium without disintegrating the OM or depleting intracellular ATP. Similar to thymol and carvacrol, trans-cinnamaldehyde likely gains access to the periplasm and deeper portions of the cell. Carvone is also ineffective against the OM and does not affect the cellular ATP pool [13, 14] . It is difficult to predict the susceptibility not only of a certain species but also a certain strain within the same species to the EOs. De Martino et al. [5, 15] observed that two strains of Bacillus cereus behaved differently when exposed to the same EOs and their singular components. Identifying the mode of action of EOs requires much study of the raw material until the singular components are identified, and the mode of action should also be studied in multiple strains and species of microorganisms. Expanding our basic knowledge of the molecules present in the EOs will support future studies into the comprehensive modes of antimicrobial action of EOs.
Terpenes
Terpenes are hydrocarbons that are formed through the combination of several isoprene units (C5H8). They are synthesised within the cytoplasm of the vegetal cell; their synthesis occurs in the mevalonic acid pathway starting from acetyl CoA. Terpenes contain a hydrocarbon backbone that can be rearranged into a cyclic structure by cyclases [16] . The most common terpenes are monoterpenes (C 10 H 16 ) and sesquiterpenes (C 15 H 24 ), but longer chains, such as diterpenes (C 20 H 32 ), triterpenes (C 30 H 40 ) and so on, are also present in the plant cell. Among the terpenes, p-Cymene, limonene, terpinene, sabinene and pinene are the most well known. Most terpenes do not possess high inherent antimicrobial activity. p-Cymene, one of the most important components of thyme EO, does not show antimicrobial activity against many Gram-negative pathogens [17] . Other terpenes, such as limonene, α-pinene, β-pinene, γ-terpinene δ-3-carene, (+)-sabinene and α-terpinene showed a very low or no antimicrobial activity against 25 genera of bacteria [12] . These in vitro tests indicate that terpenes show ineffective antimicrobial activity when used as singular compounds.
Terpenoids
Terpenoids are terpenes with added oxygen molecules or that have had their methyl groups moved or removed by specific enzymes [16] . Thymol, carvacrol, linalool, menthol, geraniol, linalyl acetate, citronellal and piperitone are the most common and well-known terpenoids. The antimicrobial activity of most terpenoids is related to their functional groups, and the hydroxyl group of the phenolic terpenoids and the presence of delocalised electrons are important elements for their antimicrobial action. For example, carvacrol is more effective than other EOs, such as p-cymene [12, 18, 19] . The exchange between the hydroxyl group and a methyl ether in carvacrol can affect its hydrophobicity and antimicrobial activity. The position of the hydroxyl group in the phenolic molecule does not affect the trend of the antimicrobial action. Compared with carvacrol, thymol has similar antimicrobial activity against B. cereus, S. aureus and P. aeruginosa, even though its hydroxyl group is located in a different position [18, 20] . Thymol and carvacrol have prominent OM disintegrating properties. Helander et al. [13] demonstrated that enhanced LPS release and sensitised cells to detergents. However, thymol and carvacrol do not directly act as OM permeabilising agents (unlike EDTA or polyethylenimine, which disintegrate the OM at sub-lethal concentrations) [9, 14] . These compounds are also capable of increasing the permeability of the cytoplasmic membrane to ATP. p-Cymene is the precursor of carvacrol and is a monoterpene with a benzene ring without any functional groups on its side chains. Others have described the antimicrobial activity of p-cymene when it is used alone [17, 21, 22] , and p-cymene can also increase the antimicrobial activity of other compounds, such as its derivative carvacrol [18, 23] . p-Cymene shows a high affinity for microbial membranes and can perturb the membranes, causing them to expand and affecting the membrane potential of intact cells [18] . p-Cymene does not affect the membrane permeability but may decrease the enthalpy and melting temperature of membrane [24] ; these properties strengthen the notion that this compound may act as a substitutional impurity in the membrane. However, p-cymene does not act solely at the membrane level. Burt et al. [25] demonstrated that although the compound did not affect protein synthesis in E. coli, it did affect the membrane potential. Treatment with p-cymene resulted in decreased cellular motility because the proton motive force is required for flagellar movement. Thymol is a phenolic monoterpenoid that is found in the EO of thyme. Its structure is similar to carvacrol, and it has hydroxyl groups occupying different positions on the phenolic ring. Similar to carvacrol, thymol antimicrobial activity results in structural and functional alterations in the cytoplasmic membrane [26] that can damage the outer and inner membranes; it can also interact with membrane proteins and intracellular targets. The interaction of thymol with the membrane affects membrane permeability and results in the release of K+ ions and ATP [20, 27, 28] . In some cases, thymol can induce the release of lipopolysaccharides, but it does not affect chelating cations [13] . Thymol integrates within the polar head-groups of the lipid bilayer, inducing alterations of the cell membrane. At low levels of thymol, the membrane can adapt its lipid profile to maintain membrane function and structure [29] . Thymol also interacts with proteins, as demonstrated using a model system with bovine serum albumin [30] . The interactions of thymol with proteins occur at different sites within the cell and can affect a variety of cellular functions. Carvacrol is a phenolic monoterpenoid that is found primarily in the EO of oregano. Along with compounds such as thymol, carvacrol is one of the most investigated EO constituents. Similar to thymol, carvacrol acts on microbial cells and causes structural and functional damage to their membranes [26] that results in increased permeability. Carvacrol is one of the few components of an EO that has a disintegrating effect on the OM of Gram-negative bacteria [31] . It causes the release of LPS [13] and also acts on cytoplasmic membrane to alter the transport of ions. The activity of carvacrol seems to be linked to the presence of a hydroxyl group that may function as a trans-membrane carrier of monovalent cations by carrying H+ into the cell cytoplasm and transporting K+ back out [18, 19] . This hypothesis conflicts with other reports that the antimicrobial activity of carvacrol is not linked to the hydroxyl groups but is instead related to the presence of non-hydroxyl groups [32] . However, the mode of action of carvacrol seems to be to increase the fluidity and permeability of membranes. When microbial cells are exposed to carvacrol, they may change their membrane fatty acid composition. This is a well-known mechanism that allows cells to maintain optimal membrane structure and function. The alteration of the composition of fatty acids in response to carvacrol could affect not only membrane fluidity but may also subsequently affect its permeability [8, [33] [34] [35] . Carvacrol's effect on membrane permeability was confirmed monitoring the efflux of H+, K+, carboxyfluorescein and ATP and the influx of nucleic acid stains [13, 20, 24, 28, 36] . There is also limited evidence that carvacrol affects periplasmic enzymes and membrane proteins [30] , and it may also have intracellular targets [37] . Carvacrol can affect the folding or insertion of OM proteins. Burt et al. [25] showed that E. coli cells grown in the presence of a sub-lethal concentration of carvacrol produced significantly more GroEL, indicating that carvacrol affected protein folding. Carvacrol also inhibited the synthesis of another microbial protein, flagellin, and gave rise to cells without flagella that subsequently exhibited decreased motility. However, even cells with flagella exhibited decreased motility that was depended upon the amount of carvacrol, indicating that the compound also diminished the proton motive force needed to drive flagellar movement [38] .
Phenylpropenes
Phenylpropenes are named as such because they contain a six-carbon aromatic phenol group and a three-carbon propene tail from cinnamic acid, which is produced during the first step of phenylpropanoid biosynthesis. These compounds represent a relatively small portion of EOs. Eugenol, isoeugenol, vanillin, safrole and cinnamaldehyde are the most studied phenylpropenes. Most antimicrobial activity of these molecules is conferred by their free hydroxyl groups [39] . The antimicrobial activity of eugenol can be ascribed to the presence of a double bond in the α,β positions of the side chain and to a methyl group located in the γ position [40] . The antimicrobial activity of the phenylpropenes also depends on the type and number of substitutions on the aromatic ring and similar to most other EOs, on the microbial strain and conditions in which the EO is tested [41] . Generally speaking, the phenylpropenes show a range of antibacterial activity. Isoeugenol is more active against bacteria than eugenol and is also effective against yeasts and moulds [39, 42, 43] . Interestingly, eugenol and isoeugenol exhibit higher activity against Gram-negative bacteria than Gram-positive bacteria [44] . Cinnamaldehyde is generally less powerful than eugenol [45] , but when it is used against E. coli and S. typhimurium, its activity is similar to thymol and carvacrol, the most potent EOs [13] . Eugenol alters the membrane, affects the transport of ions and ATP and changes the fatty acid profile of different bacteria. It also acts against different bacterial enzymes, including ATPase, histidine carboxylase, amylase and protease [46, 47] . Cinnamaldehyde has at least three mechanisms of action against bacteria. At low concentrations, it inhibits enzymes involved in cytokine interactions or other less important cell functions, and at higher concentrations, it acts as an ATPase inhibitor. At a lethal concentration, cinnamaldheyde perturbs the membrane. Some studies have reported conflicting information on the membrane-perturbing activity of cinnamaldheyde. For example, a sub-lethal concentration of the molecule does not affect the integrity of the membrane in E. coli but can inhibit the growth and bioluminescence of the microorganism Photobacterium leiognathi; this suggests that cinnamaldheyde gains access to the periplasm and perhaps also to the cytoplasm [13] . Cinnamaldehyde is indeed capable of altering the lipid profile of the microbial cell membrane [47] . Vanillin is a phenylpropene phenolic aldehyde with a poorly understood mechanism of action. However, some studies have shown that it inhibits the respiration pathway in E. coli and L. innocua and that it has activity against some lactic acid bacteria, such as L. plantarum, by disrupting K+ and pH homeostasis [48] . Fitzgerald et al. [49] observed that vanillin's primary target is the membrane but reported that other targets may be present within the microbial cell. Carvone is capable of disrupting the pH gradient and membrane potential of cells. With increasing amount of carvone, Oosterhaven et al. [50] observed a decrease in the growth rate of E. coli, Streptococcus thermophilus and L. lactis and hypothesised that the compound might act by disturbing the metabolic energy status of cells. In contrast, another study [13] found that carvone was ineffective against the OM of E. coli and S. typhimurium and did not affect their intracellular ATP pool. -Terpinene does not affect the growth of S. typhimurium [30] , whereas -terpinene inhibited 11 of the 25 bacterial species screened by Dorman and Deans [12] .
Mechanisms of Action of the Essential Oils and/or Their Components
The antimicrobial activity of EOs, similar to all natural extracts, is dependent on their chemical composition and the amount of the single components. Many of the antimicrobial compounds are constitutively expressed by the plants, and others can be synthesised as mechanism of self-defence in response to pathogens. Vegetables, spices and fruits with high level of EOs are excellent sources of natural elements with activity against microorganisms of agricultural and health interest [51] . These molecules can be naturally present in their active form in the plant or can be activated by specific enzymes when the vegetal organism is subjected to particular biotic or abiotic stress [52] . Different amounts of specific compounds can affect the antimicrobial activity of EOs. For example, high concentrations of cinnamic aldehyde, eugenol or citral confer antimicrobial properties to EOs [53, 54] . The monoterpenes and phenols present in thyme, sage and rosemary EOs possess noticeable antimicrobial, antifungal and antiviral activity [55] [56] [57] . Some EOs, such as those found in basil, sage, hyssop, rosemary, oregano and marjoram, are active against E. coli, S. aureus, B. cereus and Salmonella spp. but are less effective against Pseudomonas spp. due to the formation of exopolysaccharides that increase resistance to EOs [5, 57] . The mechanism of action of EOs depends on their chemical composition, and their antimicrobial activity is not attributable to a unique mechanism but is instead a cascade of reactions involving the entire bacterial cell [57] ; together, these properties are referred to as the "essential oils versatility". In general, EOs act to inhibit the growth of bacterial cells and also inhibit the production of toxic bacterial metabolites. Most EOs have a more powerful effect on Gram-positive bacteria than Gram-negative species, and this effect is most likely due to differences in the cell membrane compositions (Figure 1 ) [3, 56, 58] .
What are the Possible Mechanisms of Action of the EOs and/or Their Components against Microbes?
Diverse mechanisms have been described to explain the activity of an EO on bacterial cells. The activity of an EO can affect both the external envelope of the cell and the cytoplasm. The hydrophobicity that is typical of EOs is responsible for the disruption of bacterial structures that leads to increased permeability due to an inability to separate the EOs from the bacterial cell membrane. The permeability barrier provided by cell membranes is indispensable to many cellular functions, including maintaining the energy status of the cell, membrane-coupled energy-transducing processes, solute transport and metabolic regulation. The cell membrane is also essential for controlling the turgor pressure [59, 60] . Toxic effects on membrane structure and function are generally used to explain the antimicrobial activity of EOs [61] [62] [63] . In fact, the mechanisms of action of the EOs include the degradation of the cell wall [13, 64] , damaging the cytoplasmic membrane, cytoplasm coagulation [18, 33, 65] , damaging the membrane proteins, increased permeability leading to leakage of the cell contents [20, 30] , reducing the proton motive force [66] , reducing the intracellular ATP pool via decreased ATP synthesis and augmented hydrolysis that is separate from the increased membrane permeability and reducing the membrane potential via increased membrane permeability [57] . Helander et al. [13] described the effects of different EO components on the OM permeability. Tea tree oil induced damage to the cell membrane structures that was accompanied by decreased viability for all three microorganisms included in their study, and the membrane damage was confirmed as the most likely cause of cell death. Thus, the hydrophobic nature of EOs allows them to penetrate microbial cells and cause alterations in its structure and functionality. This could explain why EOs are generally most effective, with some exceptions [67] , against Gram-positive microorganisms. The external capsule of some Gram-negative bacteria limits or prevents the penetration of EOs into the microbial cell. The compounds present in the EOs are also capable of interfering with proteins in the wall that are often involved in the transport of essential molecules into the cell. Other authors have proposed that the components of the EO act in different manners to result in the loss of microbial viability. The effects of EOs usually lead to the destabilisation of the phospholipid bilayer, the destruction of the plasma membrane function and composition, the loss of vital intracellular components and the inactivation of enzymatic mechanisms. In some cases, essential oils also alter membrane permeability by destroying the electron transport system [68] , and a number of components of the EOs, such as carvon, thymol and carvacrol, lead to an increase in the intracellular concentration of ATP, an event that is linked to the destruction of the microbial membrane [13] . Inhibiting electron transport for energy production and disrupting the proton motive force, protein translocation and synthesis of cellular components are all physiological changes that can result in cell lysis and death [19, 29] . The integrity of the cell membrane is essential for the survival of bacteria because it is a key element for the fundamental biological activities taking place within the cells. The membrane represents an effective barrier between the cytoplasm and the external environment; the import and export of the metabolites and ions essential for all activities occurring in the microbial cell occur through the cell membrane. When antimicrobial compounds are present in the environment surrounding microorganisms, the bacteria may react by altering the synthesis of fatty acids and membrane proteins to modify the fluidity of the membrane [69] . The hydrophobicity of the EOs and their components allow them to diffuse through the double lipid layer of the membrane. The EOs can alter both the permeability and function of membrane proteins. Some EOs, particularly oils that are rich in phenolics, are able to insert into the phospholipids bilayer of bacterial cell walls, where they bind to proteins and prevent them from performing their normal functions [30] . This phenomenon indicates that the membrane is the first target of EOs. As previously reported, the mechanism of action of the EO is not isolated but instead involves a series of events both on the cell surface and within the cytoplasm. The alteration of membrane permeability and the defects in the transport of molecules and ions result in a "disbalance" within the microbial cell. This subsequently leads to cytoplasm coagulation, the denaturation of several enzymes and of cellular proteins and the loss of metabolites and ions [4] . In many conditions, such as in the presence of sub-lethal concentrations of EOs or other antimicrobial compounds, microorganisms react by increasing their expression of the stress-response proteins [25] to repair the damaged proteins [20] . However, when the concentration of EOs or other natural antimicrobials is higher, this response is unable to prevent cell death. This effect is more evident for Gram-positive bacteria. The cell wall of Gram-negative bacteria is more resistant to the activity of EOs and their components. The Gram-negative cell wall does not allow for the entrance of hydrophobic molecules as readily as Gram-positive bacteria; thus, EOs are less able to affect the cell growth of the Gram-negative bacteria [4] . Because of the wide variety of molecules present in the natural extracts, the antimicrobial activity of the EOs cannot be attributed to a single mechanism. Instead, different biochemical and structural mechanisms are involved [70] at multiple sites within the cell and on the cell surface. These mechanisms include chemical modifications of the cell membrane, cytoplasm, enzymes and proteins, and they can completely change the conformation of the microbial cell. Furthermore, the sustained loss of ions or metabolites due to exposure to an EO can compromise the microbial metabolism and lead to cell death [4, 57] . For example, tea tree oil can cause E. coli to die without lysing the cell [65] . Figure 2 describes some potential mechanisms of action of the EOs and/or their components and shows the potential cell targets of their antimicrobial activity. However, each of these actions cannot be considered separate events but instead may be a consequence of the other activities. 
Effect on the Fatty Acids Profile of the Cell Membrane
The lipid biosynthesis pathway is an important target for the development of novel antimicrobials [71, 72] . Due to their hydrophobic nature, EOs and/or their components can affect the percentage of unsaturated fatty acids (UFAs) and alter their structure [4] . The adaptation of the cells to the presence of these compounds at a concentration lower than the MIC could result in an increase in the percentage of UFAs responsible for the fluidity of the membrane [35, 71] , which may indicate a certain mechanism of action against the outer cell envelope that could cause membrane structural alterations observable by SEM. The lipid profile of resting cells shows reorganisation after treatment with EO compounds, and many authors have described the bacterial fatty acid synthesis pathway as an optimal target of many antibacterial agents [73] [74] [75] . Treatment with thymol, carvacrol and eugenol, which are all phenolic compounds, may increase the amount of saturated C16 (and shorter length) fatty acids, increase the amount of saturated C18 and decrease the amount of unsaturated C18 fatty acids in the bacterial membrane. When saturated C18 fatty acids are absent, a decrease in C18:2 trans and C18:3 cis may occur after the treatment (e.g., S. typhimurium), or an increase of C18:1 cis and a corresponding decrease of C18:2 trans may be observed (e.g., B. thermosphacta). In addition to direct effects on the fatty acids of the OM, EOs may also affect the enzymes that are involved in fatty acid synthesis, such as a multicomponent membrane desaturase enzyme that is generally employed by cells to produce saturated fatty acids (SFAs) [35, 76, 77] . Again, the activity of the EOs and/or their components is not attributable to a single event; most of the components of the EOs [13, 18, 48] act on the OM and increase its permeability. This results in the dispersion of the desaturase enzymes and allows them to act on the membrane fatty acids. Conversely, EOs do not activate other enzymatic systems, such as the cis-trans isomerase that regulates the conversion of cis fatty acids into their trans isomers. This enzyme is generally active during the adaptation of cells to environmental stresses [78] . On the whole, the activity of EO components is most likely do to simultaneous effects on a pool of fatty acid enzymes that lead to an increase in the cis isomers, a reduction of the chain length and a general decrease in the abundance of UFAs. An increase in the amount of SFAs in the membrane lipid bilayer results in a loss of membrane fluidity and a consequent increase in membrane rigidity [74] . In some cases, cells defective in the production of UFAs can continue to grow and synthesise phospholipids, but they eventually begin to lose metabolites and subsequently lyse. In some microbial cells, such as B. thermosphacta and S. typhimurium, a reduction in the levels of trans C18 fatty acid is not accompanied by an increase in its cis isomer, but the increase of the C18:1 cis and C17:1 cis fatty acids may be related to such a decrease [35] .
Action on Proteins
Different components of EOs can act on proteins present in bacteria and may affect cell division. Cinnamaldehyde, for example, is capable of inhibiting cell separation in B. cereus. Bacterial cell division is regulated by FtsZ, a prokaryotic homolog of tubulin. FtsZ assembles into a Z-ring at the site of cell division; cinnamaldehyde can decrease the in vitro assembly reaction and bundling of FtsZ. It also can perturb the Z-ring morphology in vivo and reduce the frequency of the Z-ring per unit of cell length of E. coli. In addition, GTP-dependent FtsZ polymerisation is inhibited by cinnamaldehyde [79] . Cinnamaldehyde can also inhibit the rate of GTP hydrolysis and binds to FtsZ with favourable enthalpic interactions. After mapping the cinnamaldehyde binding region of FtsZ by saturation transfer difference-nuclear magnetic resonance and an in silico docking model, Domadia et al. [79] predicted the cinnamaldehyde binding pocket at the C terminal region involving the T7 loop of FtsZ and hypothesised that cinnamaldehyde binds to FtsZ, perturbs the cytokinetic Z-ring formation and inhibits its assembly dynamics. S. enterica serovar Thompson MCV1 grown in the presence of a sub-lethal concentration of thymol showed a different proteomic profile compared with the control [80] . The MALDI-TOF analysis showed that many proteins can be either up-regulated or down-regulated by the presence of thymol, with significant changes in proteins belonging to different functional classes. For example, the thioredoxin-1 (which belongs to a class of small E12 kDa redox active proteins and is essential for the regeneration of methionine sulfoxide reductase) was not expressed in the presence of thymol, indicating that its absence was due to the presence of the EO. Kumar et al. [81] hypothesised that Trx1 plays a role E. coli cell division because of its subcellular localisation. Different chaperon proteins can be concurrently up-regulated or newly synthesised. GroEL and DnaK are two examples of key proteins involved in protecting cells from thermal stress and promoting protein folding by binding to short, extended peptides in an ATP-dependent cycle. Thymol increases the expression of the chaperone proteins. This process begins in the lag phase, but chaperones keep working in the subsequent phases of the bacterial growth to help Salmonella adapt to adverse environmental conditions [82] . Treatment with thymol causes the up-regulation of some proteins and can trigger bacterial envelope stress due to the accumulation of mis-folded OM proteins. Another protein influenced by the presence of EOs, such as thymol, is the protein involved in the phosphotransferase system that is decreased by more than a half of its usual concentration. Thymol up-regulates the OM channel protein TolC that is involved in the formation of an efflux system that represents [83] an important mechanism of resistance to detergents and bile salts in Salmonella and may also be involved in resistance to thymol. Thymol can also affect the expression of proteins involved in energy metabolism, such as enolase, which is more than 10-fold up-regulated in thymol-treated cells, the 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase dPGM and the glyceraldehyde-3-phosphate dehydrogenase A, which are down-regulated [82] . Some enzymes, such as those involved in glutamine transport, are overexpressed by S. typhimurium in the presence of thymol in an attempt to increase the virulence of the bacteria [84] . Other proteins, such as the DNA-binding protein H-NS and the 50S ribosomal proteins L7/L12, are down-regulated by thymol. This increases bacterial DNA stability and inhibits the transcription as further mechanism of protection. Thymol may also impair the citrate and acetate pathways and can influence some of the enzymes involved in the catabolism of different carbon and nitrogen sources. Proteins that are required for bacterial survival and are conserved among pathogens are considered excellent targets for inhibitor screening [85, 86] . One such E. coli protein, YidC, a 60-kDa membrane protein [87] , is essential for membrane protein translocation and insertion and acts with the Sec-translocase and separately to facilitate the insertion of proteins into the cell membrane. YidC represents an evolutionarily conserved protein that is required for the growth of E. coli [88, 89] . YidC depletion leads to a decrease in the functional assembly of cytochrome o oxidase and F1Fo ATPase and a strong reduction in the proton motive force in E. coli [90] . Because it is a common feature of both Gram-negative and Gram-positive bacteria, YidC is an attractive target for the development of broad-spectrum antibacterial agents. Patil et al. [91] explored the feasibility and efficacy of using antisense-mediated gene silencing to specifically down-regulate YidC in E. coli and found that decreasing YidC expression made the microorganism more sensitive to the activity of carvacrol and eugenol. Their results showed that the YidC antisense-expressing clone was sensitised to the membrane disintegrating and membrane-bound ATPase-inhibiting antibacterial EOs eugenol and carvacrol; thus, the essential gene YidC may represent a therapeutic target of the antibacterial EOs eugenol and carvacrol.
Effect on ATP and ATPases
The production of ATP in prokaryotes occurs in both the cell wall and cytosol by glycolysis, and a correlation between the intracellular and extracellular ATP concentration has been demonstrated. EOs disrupt the cell membrane alter the intracellular and external ATP balance such that ATP is lost through the disturbed membrane [12, 92, 93] . The treatment of E. coli 0157:H7 strain EDL 933 and Salmonella enterica subsp enterica serovar typhi strain ATCC 19430 with mustard EO resulted in the loss of intracellular ATP in S. aureus [94] . The use of oregano EO in combination with the irradiation of L. monocytogenes and S. aureus resulted in a more significant reduction of their intracellular ATP levels [95, 96] . Other intracellular events may contribute to the intracellular ATP decrease; for example, inorganic phosphate may have been lost by passing through the compromised permeable membrane [93] [94] [95] [96] [97] , or the proton motive force and changes in the balance of some essential ions, such as K+ and H+, may have been disrupted [36] . The treatment of some pathogens, such as E. coli and L. monocytogenes, with eugenol, cinnamaldehyde and carvacrol inhibited the generation of adenosine triphosphate from dextrose and disrupted the cell membrane. An analysis of the intracellular and extracellular ATP levels of cells treated with eugenol, cinnamaldehyde and carvacrol suggested that these compounds might inhibit the ATPase activity of bacterial cells. However, although similar concentrations of eugenol or carvacrol (5 to 10 mM) may have a bactericidal effect on E. coli and L. monocytogenes, there are large differences in response between the three organisms to cinnamaldehyde, which has bactericidal activity against E. coli and L. monocytogenes, at 10 mM and 30 mM concentrations [45] . A possible explanation for the difference in the behaviour of the three bacterial species in response to cinnamaldehyde is that there may be differences in the ability of this small hydrophobic molecule to interact with the outer surface of the cells and thus gain access to the cell membrane. Some components of the EOs, such as eugenol, carvacrol and cinnamaldehyde, are capable of inhibiting the membrane-bound ATPase activity of E. coli and L. monocytogenes. Bacterial membranes have multiple enzymes with ATPase activity, including ATP-dependent transport proteins and the F1F0 ATPase that is involved in ATP generation and cellular pH regulation [26] . Gill and Holley [64] hypothesised that ATPase inhibition could represent a secondary factor rather than a primary cause of cell death. However, they also suggested that ATPase inhibition may play a significant role in reducing the growth rate at sub-lethal concentrations. Non-specific inhibition of membrane-bound or -embedded enzymes can be caused by small hydrophobic molecules as a result of changes in the protein conformation. This mechanism may cause the inhibition of ATPase activity, as well as the inhibition of other enzymes and altered bacterial growth [13, 27, 47, 96, 98] .
Effect on the Metabolome
Intracellular and extracellular metabolomics have some fundamental advantages in that they can provide important information about functional genomics, metabolic engineering, strain characterisation, and cell communication mechanism. Microbial metabolites can change in response to environmental conditions [99, 100] . Recently, several powerful standard analytical approaches, including as NMR, microarray, GC-MS, LC-MS, have been used to analyse the metabolome of bacteria subjected to environmental stress [101] [102] [103] [104] [105] [106] . These techniques are increasingly used to investigate the metabolic effects of natural molecules with bacteriostatic and/or bactericidal activity. Most of the molecules that have been studied and/or identified by these techniques are major components of cell extracts and are easily identifiable because their signals in the NMR spectra do not overlap with others. Each individual metabolite responds differently to varying doses of the EOs or their components. For example, some effects might occur at low amounts of carvacrol, others only at higher doses. Picone et al. [107] observed that most of the signals obtained by NMR changed in intensity in response to increasing amounts of carvacrol in E. coli. They found that glucose tends to accumulate when microbial cells are treated with carvacrol, and the inability of the cells to metabolise the glucose leads to a loss of viability. In contrast, organic acids, with the exception of formate, showed a significant decrease in concentration that was inversely proportional to the dose of carvacrol. Formate increased until a certain dose of carvacrol and then drastically decreased to nearly zero; the increase in formate (one of the main sugar molecules produced by E. coli during fermentation) may indicate a possible metabolic shift toward fermentation. At the highest carvacrol concentration, the irreversible loss of cell viability arrested the cell metabolism, resulting in the subsequent disappearance of formate. The concentration of aromatic amino acids remained stable at the lowest level of carvacrol but increased at higher doses. Other amino acids, such as alanine, were stable even at the highest amount of the EO. Overall, the metabolome analysis showed that the cellular processes affected by exposure to carvacrol were variable. When E. coli cells were treated with carvacrol, the glycolytic pathway modified the amounts of formate and succinate, two organic acids that are normally present in the Krebs cycle, which together with citrate, indicates a shift from respiration to fermentation and K+ leakage [108] . The exposure of E. coli BL21 cells to cinnamaldehyde resulted in the production of an increased number of metabolites, such as indole, alkanes, alcohol, acids, esters, dimethyl-disulphide and so on, during the mid-logarithmic growth phase [109] that could lead to tremendous cell stress, depending on level of exposure to cinnamaldehyde and on the cell density.
Effects on Cell Morphology
The activity of EOs and/or their components differs depending on the shape of the bacteria studied, and rod shaped bacterial cells have been reported to be more sensitive to EOs than coccoid cells. Generally, S. typhimurium and E. coli have a normal rod shape with a smooth surface, whereas M. luteus and S. aureus have a normal coccoid shape. After 24 h of treatment with the EO of mint, cellular damage of rod bacteria was observed by Hafedh et al. [110] , whereas the damage was less evident in coccoid bacteria. These results are in agreement results of Kalchayanad et al [111] , who showed morphological changes of two pathogens (E. coli 0157:H7 and S. typhimurium) when exposed to hydrostatic pressure stress and bacteriocins, and with the results of experiments performed by Braga and Ricci [112] on E. coli cells treated with cefodizime. These results led to the hypothesis that the exopolysaccharide on the OM of cells became detached and released or that the peptidoglycan and cytoplasmic membrane were perturbed [113] . Sikkema et al. [26, 114] showed that as a result of their lipophilic character, cyclic monoterpenes are preferentially reparted from an aqueous phase into membrane structures. This results in membrane expansion, increased membrane fluidity and the inhibition of a membrane-embedded enzyme. Electron microscopy of E. coli cells after exposure to tea tree oil revealed a loss of electron-dense cellular material and showed coagulation of the cytoplasmic contents [111] ; however, these effects were secondary events that occurred after cell death [65] . Kwon et al. [98] tested the effect of cinnamaldehyde on the morphology of B. cereus and found that without treatment, the bacteria appeared as well-separated rods. However, bacterial cells treated with cinnamaldehyde appeared as elongated, filamentous structures in which the cells did not appear to be separated from one another. The septa were present between the filamentous cells, but its formation was incomplete. Cells treated with cinnamaldehyde for 1 h showed a strong inhibition of cell separation and appeared as filamentous cells. The SEM analysis of different bacteria treated with eugenol, thymol and carvacrol performed by Di Pasqua et al. [35] revealed alterations in the composition of the fatty acids and the morphology of the cells. The morphology of E. coli O157:H7 cells treated with eugenol appeared remarkably altered. This suggests that eugenol may be capable of disrupting the membrane and allowing the leakage of intracellular constituents, while the other compounds may only cause structural alterations of the outer envelope. S. typhimurium and Pseudomonas spp. cells treated with cinnamaldehyde and limonene presented external modifications, suggesting that these compounds penetrated the cell envelope and altered its structure. Indeed, the S. typhimurium cell membrane was altered by carvacrol and thymol, and some of the cells showed swelling after treatment with thymol. B. thermosphacta exhibited evident alterations after treatment with cinnamaldehyde, limonene and eugenol; eugenol often induced swelling and occasionally disrupted the external envelope. The substantial fatty acid changes detected by GC analysis was ascribed to a probable alteration of the cell membrane that was observed by SEM. Studies with liposome model systems confirmed that cyclic terpene hydrocarbons accumulated in the membrane, causing a loss of membrane integrity and dissipation of the proton motive force. Observations made by electron microscopy showed that treating E. coli O157:H7 with oregano EO, which is rich in thymol and carvacrol, resulted in the collapse of cells after the loss of their contents [4, 26, 115] . Oussalah et al. [92] observed morphological damage and a disruption of the cell membrane after treatment of E. coli O157:H7 and L. monocytogenes with Spanish oregano, Chinese cinnamon and savoury oils. In particular, the E. coli cells had holes or white spots on the cell wall. Considerable morphological changes were found on the surface of P. fluorescens after treatment with carvacrol and with cinnamaldehyde or with a combination of four different EO vapours containing a high amount of cinnamaldehyde. Negative air ions also resulted in the complete leakage of the cytoplasmic material within a few hours of exposure [116] . Nostro et al. [117] and Sandasi et al. [118] described the morphological changes of staphylococcal and Listeria biofilms after exposure to EOs. The morphological changes of some strains after carvacrol contact were comparable to those described after treatment with other antimicrobial agents, such as antimicrobial peptides [119] . The presence of division septa in treated cells may have been due to the effect of carvacrol on the proteins involved in cell division. This was confirmed by proteomic approaches in Salmonella cells treated with thymol [80] . The morphology of the Gram-negative cells was much more affected by carvacrol than the Gram-positive cells due to the presence of an OM in the Gram-negative bacteria and the fact that biological membranes are among the possible targets of carvacrol. However, Gram-negative bacteria are generally considered to be more resistant to EOs. The modified structure of the Gram-negative cell surface could also be interpreted as an adaptive response to stress; in fact, nearly all of the Gram-negative bacteria examined demonstrated greater increase of roughness after carvacrol treatment compared with Gram-positive bacteria. Treatment with carvacrol may increase the exposure of the OM components (e.g., proteins and lipids), causing an increase in roughness. However, in Gram-positive bacteria, carvacrol moves through the peptidoglycan layer and then acts on the cytoplasmic membrane. The structural changes in the membrane, such as fluidity alteration, could lead to a slight modification in the external surface of the Gram-positive cell wall such that they appears less rough but more bumpy than Gram-negative bacteria [120] .
Anti-Quorum Sensing Activity
Bacteria coordinate both bacterium-bacterium interactions and associations with higher organisms through intercellular communication systems known as quorum sensing (QS) systems. QS-controlled behaviours occur only when bacteria reach a specific cell density. These behaviours are unproductive if undertaken by a singular bacterium but become effective when the action is simultaneously performed by a group of bacteria. QS can regulate a number of activities, such as virulence factor expression, bioluminescence, sporulation, biofilm formation and mating. The expression of the QS genes results in the production of chemical signalling molecules that are known as autoinducers or bacterial pheromones. These molecules are produced as the bacterial population grows until a threshold concentration perceived by the bacteria is reached, resulting in the activation or repression of specific genes. The accumulation of a stimulatory amount of the QS molecules can occur only when a specific number of cells, referred to as a quorum, are present [121] . Researchers are increasingly investigating herbal products in the quest for new therapeutic and anti-pathogenic agents that might act as nontoxic inhibitors of QS, thus controlling infections without encouraging the appearance of resistant bacterial strains [122] . EOs may represent the richest available reservoir of novel therapeutics [122] [123] [124] . Bacterial QS may be inhibited through different mechanisms, including (1) the inhibition of AHL synthesis, (2) the inhibition of AHL transport and/or secretion, (3) the sequestration of AHLs, (4) the antagonistic action and (5) the inhibition of targets downstream of AHL receptor binding [125] . Different EOs from ornamental plants have been observed to be effective against biofilms formed by Salmonella, Listeria, Pseudomonas, Staphylococcus and Lactobacillus spp. Volatile organic compounds, such as those produced by the rhizospheric bacteria Pseudomonas fluorescens B-4117 and Serratia plymuthica IC1270, may inhibit the cell-cell communication QS network mediated by AHL signalling molecules produced by various bacteria, such as Agrobacterium, Chromobacterium, Pectobacterium and Pseudomonas. The EOs of lavender, roses, geraniums, cloves and rosemary are also able to inhibit QS, whereas orange and juniper EOs appear to have no anti-QS properties [126] [127] [128] [129] [130] [131] . Investigations into the effects of different EO components are in progress. One of the most well-studied EO components is cinnamaldehyde. Its effects have been investigated from diverse points of view, and multiple mechanisms of action have been examined. Niu and Afre [132] observed that the exposure of V. harveyi BB886 (the bioluminescence of this strain is induced by 3-hydroxy-C4-HSL) to a concentration of 60  cinnamaldehyde resulted in a 55% reduction of microbial bioluminescence, and 60% of the bioluminescence of V. harveyi BB170 (mediated by AI-2) was reduced at 100 , again demonstrating that the activity of plant extracts can be strain-specific and may depend on the QS molecule involved. Using the nematode model Caenorhabditis elegans, Brackman and colleagues [133, 134] demonstrated the ability of 3,4-dichlorocinnamaldehyde to decrease the virulence of V. anguillarum, V. harveyi and V. vulnificus by affecting the DNA-binding ability of LuxR.
Conclusions
The action of EOs and their components on bacteria remains a focal area for future research. The study of the synergistic effects among EOs and/or their components could be utilized both to make best use of their antibacterial activity and to reduce their concentrations required to achieve a particular antibacterial effect for food safety and for health purposes.
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